Introduction
Marinesco -Sjögren syndrome (MSS) is a recessively inherited disorder first described by Marinesco et al 1 in a family of Romanian origin and further characterised by Sjögren 2 in families of Swedish origin. Since then, many cases have been reported from various geographic origins. Consistent features of this condition are bilateral cataracts, mild to moderate mental retardation, cerebellar ataxia due to cerebellar hypoplasia, short stature, hypergonadotrophic hypogonadism, and skeletal deformities, 3, 4 such as kyphoscoliosis, pes planovalgus, short metatarsals and metacarpals, coxa valga, genu and cubitus valgus or pectus deformities. Progressive muscular weakness and muscle atrophy were also reported to be leading features of MSS. 5 Myopathic changes including variation in fibre size, proliferation of internal nuclei and rimmed vacuoles were described on most muscular biopsies. 5 -14 Electron microscopy studies revealed focal myofibrillar disruption, myelin bodies, autophagic vacuoles and mitochondrial abnormalities. 5, 7, 8, 10, 13, 15 Moreover, several reports considered a dense membranous structure surrounding nuclei as being a characteristic ultrastructural feature of MSS 7, 13, 14, 16, 17 (and MO Livet, personal communication).
However, MSS is clinically heterogeneous 18 with a marked variation in severity and the occasional presence of the following features: peripheral neuropathy, 19 -24 seizures, 10, 25 microcephaly, optic atrophy, 26 hearing loss, 27, 28 acute rhabdomyolysis 23 and various patterns on magnetic resonance imaging (MRI) such as cerebral atrophy, diffuse reduction of cerebral white matter, 25, 29 agenesis of the corpus callosum, 30 abnormal pituitary gland, 25 cyst of the posterior fossa and brainstem atrophy. Moreover, cataract, initially described as congenital, was also found with early childhood onset and rapid progression. 9, 12, 31, 32 Different physiopathological hypotheses for MSS were proposed, including lysosomal storage disorder 21, 33 or defect of chylomicron metabolism, 24 but the primary molecular defect remains to be identified.
One major differential diagnosis of MSS is the syndrome defined by congenital cataracts, facial dysmorphism and peripheral neuropathy (CCFDN), 34 -36 which is localised to 18qter 37 while no genetic localisation has yet been reported for typical MSS. One subtype of MSS with acute rhabdomyolysis without underlying chronic myopathy 23 was shown to be linked to the CCFDN locus, 38 suggesting genetic homogeneity between these syndromes. However, we recently showed that MSS and CCFDN are two clinically and genetically distinct entities. 16 Using homozygosity mapping strategy, we identified an MSS locus on 5q31 in two large consanguineous families presenting classical features of MS syndrome. On the other hand, linkage to 5q31 was excluded in two families initially diagnosed as MS syndrome, but with the atypical presence of peripheral neuropathy and optic atrophy, and absence of myopathic changes.
Subjects and methods

Subjects
We studied four families with patients presenting characteristic clinical features of MSS and two families with patients presenting an atypical MSS without myopathic changes and including rarely described features such as peripheral neuropathy, optic atrophy or leucoencephalopathy. Clinical features of each patient are summarised in Table 1 . Italy  Patient  1  2  1  2  3  4  5  6  1  2  1  1  1 The two patients from family 1, of Turkish origin, are described in detail elsewhere. 16, 17 Briefly, the affected children were referred to the neuropaediatric clinic due to failure to thrive, reduced head circumference, psychomotor delay, hypotonia and a pronounced ataxic gait and limb ataxia. The disease progression was characterised by the occurrence of bilateral cataracts operated at 4.5 and 6.5 years of age, respectively, and of skeletal deformities secondary to severe hypotonia and muscle weakness. Biological investigations revealed slightly increased serum creatine kinase levels and hypergonadotropic hypogonadism. MRI of the brain revealed isolated marked cerebellar atrophy predominantly affecting the vermis. Muscle biopsy of the two siblings were characterised in both cases by myopathic changes, including variation in muscle fibre size, rimmed vacuoles as well as rare necrotic and regenerating fibres. Electron microscopy disclosed several dense membranous structures surrounding myonuclei, previously reported as specific ultrastructural features of MSS by Sewry et al.
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Families 2 -4 are of Norwegian origin. Family 2, originating from the Northern most county of Norway (Finnmark), is a large family with four affected siblings born from second-degree consanguineous parents and two affected cousins. DNA samples of all six patients and a healthy sibling were available for study. This family has been extensively reported in previous publications with regard to clinical picture, biochemical features and myopathic abnormalities. 8,15,39 -44 The patients were followed up for more than 40 years and are 56, 54, 53, 52, 74 and 72 years of age, respectively, at the time of our report. Briefly, all six affected presented characteristic features of MSS including bilateral cataracts, mild mental retardation, hypotonia and cerebellar ataxia due to cerebellar hypoplasia. The short stature and the hypergonadotrophic hypogonadism were reported in four and two of them, respectively. Myopathic changes including subsarcolemmal accumulation of abnormal mitochondria of various shapes and sizes were described in all of them except one. 8, 15, 43, 44 The parents of families 3 and 4 are not consanguineous and are related neither to each other, nor to family 2. The three Norwegian families originate from separate Northern Norway counties; however, both parents of family 4 originate from the same small island west of the Norwegian coast.
In family 3, DNA samples of two affected siblings and their parents were available for this study. The patients, previously described by Torbergsen et al, 15 are 33 and 31 years old at the time of our report. Clinical features were characteristic of classical MSS and are summarised in Table 1 . An additional feature, observed on cerebral MRI of patient 2, consisted in atrophy of pons. In family 4, DNA samples of one affected individual, her two healthy brothers and her parents, were available. The patient was born after normal pregnancy and delivery.
Bilateral cataracts were removed within the first year of life. Spasticity, ataxic gait, hypotonia, mild mental retardation and failure to thrive became evident during infancy. At 8 years of age, cerebral MRI demonstrated cerebral atrophy and wide sulci but no cerebellar atrophy. Serum creatine kinase levels were in normal ranges and no muscle biopsy was available from this patient.
In family 5, DNA samples of the affected patient, her six healthy siblings and their mother were available. Consanguinity between the mother and the father parents is excluded as they are of French and Yugoslav origin, respectively. The patient presented an atypical MSS including congenital cataracts with optic atrophy, mild psychomotor delay (IQ: 76 at 34 years of age), bilateral hearing impairment, hypotonia in infancy, cerebellar ataxia, pyramidal signs and sensitivo-motor demyelinating peripheral neuropathy. Skeletal deformities developed during childhood with dorsal kyphoscoliosis and foot deformities (pes cavus and equino varus). The clinical course was also complicated by partial seizures. Brain MRI revealed cerebellar and diffuse cerebral atrophy. Serum creatine kinase levels were in the normal range and a muscle biopsy did not reveal any myopathic change but only neurogenic muscular atrophy. Electron microscopy did not disclose dense membranous structures characteristic of MSS.
In family 6, of Italian origin, two affected siblings born from nonconsanguineous healthy parents were referred to the neuropaediatric clinic due to psychomotor delay, microcephaly, spasticity, early-onset ataxia and congenital cataracts with macular degeneration. They were diagnosed as presenting an MSS because of the association of cataracts, mental retardation, cerebellar ataxia and skelettal deformities, but they differed clinically from classical MS patients by the presence of microcornea, optic atrophy, insulin-dependent diabetes mellitus and sensory -motor axonal neuropathy. Moreover, brain MRI showed cerebellar and bulbar hypoplasia associated with thin corpus callosum and mild leucoencephalopathy. Serum creatine kinase levels were with normal limits and a muscle biopsy showed only mild neurogenic changes. Serum vitamin E and afetoprotein levels were normal. Molecular testing for Friedreich's ataxia and mtDNA mutations were negative.
Genotyping
Blood samples were obtained with informed consent. Genomic DNA was extracted from the peripheral blood leucocytes by a standard phenol/chloroform method.
Whole-genome screens was performed for family 1 using a microsatellite marker set developed and commercialised by PE Biosystems Div. (ABI Linkage Mapping Set version 2, Medium density set 10, MD-10). This set comprises 400 fluorescent-labelled microsatellite markers selected from the Généthon human linkage map45, with an average spacing of 10 cM and an average heterozygosity of 75%.
PCR-multiplex protocols were developed allowing the coamplification of up to six of these markers in a single reaction. For each microsatellite, one primer of the primer set was labelled with one of the three fluorescent dyes (FAMTM, HEXTM, NEDTM) in order to pool PCR products for separation on automatic sequencers. The internal size standard was fluorescently labelled with a fourth dye (ET-ROXTM 400, Amersham Biosciences). All PCR reaction mixes were prepared with a 96-tip head Automation Partnership BasePlate liquid handling robot. PCR were carried out with 20 ng of DNA and the total volume of PCR reaction was 10 ml. PCR were performed with dual 384-well GeneAmp PCR 9700 systems (Applied Biosytems) according to conditions and thermal cycler programmes.
The PCR fragments obtained were pooled and purified on a 96-well MulticreenTM plate by Sephadex G50. A volume of 2 ml of the purified product were transferred to a 96-well plate and mixed with 3 ml of MegaBace loading cocktail (for one reaction: 2.75 ml H 2 O þ 0.25 ml ET-ROXTM 400).
The purified dye-labelled fragments were separated according to size on Amersham Biosciences MegaBACE 1000 96-capillary sequencers. The samples were loaded on matrix filled capillaries by electrokinetic injection onto the MegaBace 1000 and ran for 65 min, at 10 kV, using the data collection software (Instrument Control Manager, version 2.1).
Additional CA/TG microsatellite markers from the Généthon human linkage map 45 and marker D18S1390 36, 38 amplified by the forward primer 5 0 -AACGGTTTGGTATTTCCTCA-3 0 and the reverse primer 3 0 -CAGTTCAACAAGGGATTTGG-5 0 , were analysed on an automated DNA sequencer with a universal fluoresceinated primer, ComF (5 0 -TAC GCA TCC CAG TTT GAG ACG-3 0 ) as follows. 46 Each microsatellite marker was amplified in a three primer PCR reaction in which one of the two specific primers was tailed with the sequence corresponding to the universal fluorescent primer (Spe2 þ com). A 10:1 molar ratio of primers ComF to Spe2 þ com was used to ensure that primer Spe2 þ com is exhausted during the early amplification cycles (Figure 1 ). The universal primer can be labelled with different fluorochromes, allowing the analysis of several markers of the same size range in a single electrophoretic run. PCR reactions were performed in a 25 ml final volume using 50 ng of template DNA, 0.4 mM of primers Spe1 and ComF and 0.04 mM of Spe2 þ com, 1 U of Taq polymerase (Sigma), and 5 ml of buffer (10 mM Tris-HCl pH: 8.3; 50 mM KCl; 200 mM of each deoxynucleotide triphosphate; 1.5 mM MgCl 2 ). PCR amplification consisted of 35 cycles (941C for 10 s, 501C -601C for 15 s, 721C for 20 s). PCR products were resolved on an ABI 377 DNA sequencer (PE Applied Biosystems) and analysed using ABI PRISM GeneScan Analysis Software.
Linkage analysis
Part of the linkage power of families 1 and 2 resides in the consanguinity loop(s) and linkage is supported when the patients are homozygous for a rare haplotype. 47 This information was included in a two-point LOD score calculation by considering the nonrecombinant haplotype as a single locus. 47 Homozygosity by descent found in families with nondocumented consanguinity was computed as second-degree consanguinity, therefore yielding a minimal estimation of the LOD score. The frequency of the homozygous haplotype was calculated as the product of the frequency of the individual alleles estimated from a reference Caucasian population. In order to eliminate biases due to possible linkage disequilibrium, only one marker was taken into account when two were less than 500 kb apart on the human genome sequence working draft. Two-point LOD scores with consanguinity loops were calculated by using the MLINK program of the FASTLINK package. 48 We assumed a fully penetrant autosomal recessive mode of inheritance, and a gene frequency of 0.001 that certainly represents an upper limit for this rare condition.
Sequence analysis
The coding sequences of the SARA2 gene were PCR amplified with the following primer pairs: exon 1 F: ATGGGGTGTTCCTTTCTCG and R: GCATGGATGA GACCTGTCCT; exon 2 F: AGATGATCCACCCACCTCAG and R: AGCATTAAAGCATATAGGTAAACTAGC; exon 3 F: GGTTTAGAACTTCAAGCTTAATTGG and R: CTGGGCAA CAGAGAAAGACC; exon 4 F: TGACCTAATGCTTGCTTG GA and R: AGAATCTTACCTTGAACATGT; exon 5 F: ACTTGCCCACAGTCAAGGAA and R: TGCAGAAAAGCTG CACTCTG; exon 6 F: AAGGTGCTGGCTCTATACGTTC and R: AATGGGCTTGTATAGTTGGACA; exon 7 F: GCAGC Figure 1 Method for microsatellite marker genotyping with a universal fluoresceinated primer. Spe1: Specific flanking primer 1. Spe2 þ Com: Specific flanking primer two tailed with the sequence corresponding to the universal fluorescent primer Com. ComF: universal fluoresceinated primer. In the early amplification cycles, the locus specific primers Spe1 and Spe2 þ Com yield a specific PCR product containing the tail. A 10:1 molar ratio of primers ComF to Spe2 þ Com ensures that primer Spe2 þ Com is exhausted during the early amplification cycles.
CACGACTTTATCACA and R: GCTGGGGTGATGTCAGAT TA. PCR products were purified on Montage PCR 96 Cleanup Plates (Millipore, Bedford, MA, USA) and used in sequencing reactions with the ABI BigDye terminator kit (Applied Biosystems, Foster City, CA, USA), which were subsequently run on an ABI PRISM 3100 Genetic Analyzer.
Results
A total of 391 markers of the ABI PRISM Linkage Mapping Set were tested on family 1. Given the close consanguinity of the parents and the close spacing of the markers, we selected the regions for which at least one marker was homozygous in both affected individuals and heterozygous in the four healthy siblings. We identified four such regions. New flanking markers were tested for each region and haplotypes were constructed. This allowed us to exclude linkage for two of the four regions, whereas 15 and five consecutive markers were found homozygous at loci 5q31 ( Figure 2 ) and 7p14.2, thereby defining two potential regions of linkage.
The study of a dense set of microsatellite markers from the two regions 45 in family 2, allowed us to exclude linkage to the 7p14.2 locus and confirmed linkage to the 5q31 locus, since the six patients were homozygous for at least eight consecutive markers and the healthy sibling was heterozygous for seven of these markers (Figure 2 ). The recombinant markers D5S1995 (centromeric) and D5S436 (distal) defined a 9.3 cM interval, which is included in the 5q31 region of linkage of family 1. LOD score calculation, including the consanguinity loops, 47,49 gave a value of 2.9 and 5.6 for families 1 and 2, respectively, at a recombination fraction y of 0, indicating linkage between the disease and the 5q31 haplotype. Segregation of the 5q31 locus in the two small Norwegian families (families 3 and 4) was compatible with linkage to the disease (Figure 3) . However, families 3 and 4 had heterozygous linked haplotypes and shared no common haplotype, either with respect to each other or with respect to family 2. Finally, linkage of the disease to 5q31 was excluded in families 5 and 6, of French and Italian origin, respectively (Figure 4) . Indeed, the affected individual of family 5 shared identical haplotypes over the entire region with two healthy siblings. In family 6, the two patients were discordant over the entire region and patient 2 shared identical haplotypes with his healthy sister. Since the patients of these two families presented with atypical MSS features including peripheral neuropathy without chronic myopathy, we tested the families with markers D18S1122, D18S70 and D18S1390 of the CCFDN-MSS/myoglobinuria locus. Linkage of the disease to 18qter was also excluded for the two families (data not shown). Figure 3 Compatible linkage of the disease to the 5q31 region in families 3 (a) and 4 (b). The allele H of marker D5S2011 is a 159 allele that amplifies poorly, presumably due to a polymorphism in the sequence corresponding to one of the PCR primers. Figure 2 Linkage of the disease to the 5q31 region in families 1 (a) and 2 (b). Markers are indicated on the left and are organised from top to bottom in the centromeric to telomeric order. Parental haplotypes linked with the disease are boxed. The region of consanguinity by descent is boxed in grey. The homozygous markers D5S2115, À399 and -479 in the healthy daughter of family 1 are not informative in her mother, and therefore do not allow to position precisely the critical recombination breakpoint. Allele 130 of marker D5S2017 in the second daughter of family 2 is assumed to be a de novo mutation from a 126 allele. The grand parents of patients 5 and 6 are known not to be brother and sister or uncle and niece/ aunt and nephew. Therefore, the closest possible consanguinity between these grand parents would be second degree, which was used for a minimal estimation of the LOD score (see Subjects and methods). 
Discussion
We demonstrate in this study that MSS in the two consanguineous families 1 and 2 is linked to a 9.3 cM region on 5q31 defined by the flanking markers D5S1995 and D5S436. The LOD score in favour of linkage in family 2, firmly establishes the MSS locus to 5q31 for this family. The LOD score in favour of linkage in family 1 is well above the 2.56 threshold corresponding to a posterior probability of 95% for linkage of family 1 to the same locus as family 2. 49 On the other hand, the disease in families 5 and 6 is clearly excluded from the 5q31 locus, allowing to the distinction between the two entities. The patients of the 5q31 linked families have typical MSS defined by congenital cerebellar ataxia with cerebellar atrophy and hypotonia, early-onset cataracts (not necessarily congenital), psychomotor and growth delay, hypergonadotrophic hypogonadism and myopathic changes on muscle biopsy. Several such patients have been previously reported in the literature. 5 -7,9 -14 We propose that, for the sake of genetic counselling and in the absence of identified defective gene and mutations, the syndrome of Marinesco -Sjögren is restricted to these typical patients. With such criteria, family 3 appears to have MSS, in agreement with the sharing of both parental haplotypes of the two patients. The patients with cerebellar ataxia, cataracts and psychomotor delay but without the myopathic changes are not linked to 5q31 and have (a) distinct disease(s) that associate(s) additional features, including peripheral neuropathy, optic atrophy and various combinations of deafness, seizures, cerebral atrophy, microcephaly, leucoencephalopathy, microcornea and diabetes mellitus. These patients have a disease more akin to the CCFDN syndrome, 16,34 -37 yet distinct, since it does not segregate with the CCFDN locus on 18qter. Moreover, the absence of Figure 4 Exclusion of linkage to the 5q31 region of the disease in families 5 (a) and 6 (b).
mutation in the SARA2 gene of the 5q31 linked families indicates either that the CMRD-MSS syndrome (OMIM 607692) is a nonallelic genetic entity distinct from typical MSS, or that, given the close proximity of the CMRD and MSS loci, the two diseases cosegregrate by chance in the unique family reported by Aguglia et al. 24 We have shown here that there is at least three different genes that result in cataract, cerebellar ataxia and mental and growth retardation, when defective, suggesting that a complex pathway involving several participating proteins might be defective in these diseases. It appears that the myopathic changes seen on muscle biopsy are an important feature of the pathology of MSS. The exact nature of these changes remains controversial. They include characteristic perinuclear membrane inclusions, 7, 13, 14, 16 subsarcolemnal rimmed vacuoles, 5 -7,10 -14,16 abnormal mitochondria 5, 7, 8, 10, 13, 15 and rarely ragged red fibres. 8, 15 Albeit an OXPHOS deficiency has been excluded in several MSS patients, the possibility that a mitochondrial defect underlies the pathogenesis of MSS is an attractive hypothesis, since combination of neurodegeneration and myopathy is often seen in mitochondrial diseases. 51 The identification of the MSS locus represents a first step towards the identification of the defective gene and therefore the testing of this hypothesis.
